ABSTRACT
Introduction
Taxonomy is a science of classification which reflects the evolutionary history and phylogenetic relationships of organisms. It also develops techniques for identification of individual species. Yeasts are prevalent members of the fungal ecosystem which are distributed between the Ascomycetes and the Basidiomycetes (31) . Earlier taxonomy of yeasts was based on phenotypic and metabolic characters (3) . Traditional genetic crosses have shown that strains differing in morphological and metabolic characters could be members of the same species, these findings put in doubt the importance of these commonly used characters (29) . Since 1990s microbiology has undergone a revolutionary change by the introduction of more rapid and accurate genome-based taxonomic tools. The most popular genome based methods at both the species and subspecies level are electrophoretic karyotyping, restriction fragment length polymorphism (RFLP), randomly amplified length polymorphism (RAPD), amplified fragment length polymorphism (AFLP) and gene sequencing. Recently microarray chips useful for identification of yeasts were developed. The present article will review conventional and emerging genome based yeast identification methods.
Electrophoretic karyotyping
The method allows to obtain species or strain specific profiles. Karyotyping (7) studies demonstrated that many yeast species markedly differ in their chromosomal make-up.
It was shown that chromosomal length polymorphism occurs within most yeast species. Ribosomal DNA-containing chromosomes frequently show considerable size variation (37, 39) . Many species studied show rather variable karyotypes e. g., Candida albicans (26, 39) . But there are species that show remarkably stable karyotypes e. g., those belonging to the basidiomycetous yeast Malassezia (8, 9) . All strains of M. pachydermatis show a slight length variation of only the smallest chromosomal DNA. Electrophoretic karyotyping unable to discriminate species with fewer chromosomes. The interpretation of the results is often complicated by the presence of chromosomal length polymorphism, aneuploidy and the occurrence of comigrating bands. Chromosomal DNAs larger than 10 Mb are difficult to separate (43) Restriction fragment length polymorphisms (RFLPs) RFLP have been widely used for separation of species as well as individual strains of a yeast species (1, 4, 18, 19 
Random amplified polymorphic DNA (RAPD)
RAPD is based on PCR amplification of DNA fragment using single primer with an arbitrary nucleotide sequence (24) . The amplified products are visualized on an agarose gel and strains identified from matching band patterns. RAPD has capability of analyzing of bigger portion of the genome and reveal polymorphism that differentiate at both the species and strain levels. RAPD tests are known to have problems with reproducibility because of their sensitivity to the reaction conditions, DNA quality and PCR temperature profiles. In contrast, microsattelite RAPD is more reproducible due to use of a higher annealing temperature (55ºC, instead of 37º C applied in standard RAPD).
Microsattelite RAPD was applied for identification of Candida species (13, 41) .
Amplified fragment length polymorphism
AFLP is based on the digestion of genomic DNA with two restriction enzymes, ligation of adapters to the ends of the restriction fragments, and PCR amplification using selective primers that are complementary to the restriction half sites and are elongated with one to three selective nucleotides (6, 10, 24, 28, 40) The AFLP allows to visualize hundreds of amplified DNA restriction fragments simultaneously. Many restriction fragment subsets can be amplified by changing the nucleotide extensions on the adaptor sequences. The advantages of the AFLP technique are the following: Only small amounts of DNA are needed. Unlike RAPD the AFLP technique uses only two primers and gives reproducible results. High resolution is obtained because of the stringent PCR conditions. But AFLP is more time consuming than RAPD and requires expensive automated genetic analyzers to visualize the banding patterns. AFLP analysis has been shown to be a reliable method of identification of medically important Candida species (2) and supported the distinction of seven species in Malassezia (42)
Gene sequencing
Electrophoretic karyotyping, RFLP, RAPD and AFLP techniques are impractical for the routine identification of a large number of species. Gene sequencing and microarray technologies allow to overcome this problem. Gene sequencing approach exploits the diversity among DNA gene sequences to identify and classify an organism. Current universal approach based on sequencing of ribosomal DNA genes: large subunit (26S) or the small subunit (18S) or non-coding regions (ITS and IGS). In S. cerevisiae, the transcribed genes for 18S, 5·8S and 26S rRNAs occur as tandemly repeated units on chromosome XII. 18S, 5.8S and 26S separated from each other by a internally transcribed spacer region ITS (ITS1 and ITS2). The genes themselves are separated from each other by an Inter Genic Spacer (IGS). Characteristics of rDNA which have made them suitable for taxonomic studies are following. rDNA is present in multiple copies in yeast genomes this leads to a more sensitive PCRbased assay than PCR with single-copy targets. The nucleotide polymorphism is not evenly distributed throughout the ribosomal genes: the three regions evolve at different rates. ITS and IGS are the most polymorphic regions which mutate more frequently than the three conserved coding regions (35) . This makes the ITS and IGS regions more informative for detecting genetic variation among genera, species and within species. The large ribosomal subunit harbours two informative polymorphic regions (D1/D2). Universal primers matching conserved regions have been designed either in the 18S rDNA, 5.8S rDNA, or in the 26S rDNA region (31) . These primers allow selective amplification of 18S, 5.8S, 26S rDNA and ITS regions. D1/D2 regions of 26S rDNA of all currently accepted Ascomycetous and Basidiomycetous yeast species were sequenced (21, 30) .This region is sufficiently divergent to resolve most yeast species. As the result of that huge yeasts rDNA database now exist which allows rapid identifcation of yeast species. Databases of theses sequences can be assessed through GenBank http://www.ncbi.nlm, DataBank of Japan www.ddbj.nig.ac.jp and EMBL http://www.ebi.ac.uk/embl/. The ribosomal database has resulted in detection of a large number of new species, which has caused a near doubling of known yeast species since publication of the most recent edition (4th) of The Yeasts, A Taxonomic Study (31) . Sequence comparisons for small subunit also was done but the databases are limited and discriminatory power of small subunit (18S) rDNA is not enough to allow separation of closely related species (27) . The ITS sequence analysis has been proven to be an accurate method for identification of various yeast species (1, 12, 22, 23, 34) . But until now only a limited number of species or just a specific genus has been evaluated for species identification by ITS sequence analysis. The intergenic spacer (IGS) region was found to have high intraspecies sequence divergence. It was demonstrated that IGS could be useful for identification of Cryptococcus (16) 
Sequencing of protein coding regions
Several studies have demonstrated the usefulness of proteincoding genes for determination of relationships among different taxa (5, 14, 32) . These genes include translation elongation factor 1α, actin-1, RNA polymerase II, beta tubulin, cytichrome oxidase II. Mitochondrial cytochrome oxydase COII has been used to species resolution of various Ascomycetous yeasts (5). Actin-1 was used for discrimination of Candida species. Separation of closely related taxa from actin sequences is greater than from 26S rDNA, but clear distinction of closely related species is not always achieved (14, 15) . Translation elongation factor 1-α and RNA polymerase II were used for discrimination of Saccharomyces species (32) .
Analysis of the DNA sequences of single genes has recently been brought into question because it does not allow clear identification of some yeast species. The occurrence of hybrids and other genomic rearrangements also can lead to incorrect identification of species. It was suggested that analyses of multiple genes sequences or genes segments would resolve these problems (38) . Indeed, the multigene sequence analysis of the "Saccharomyces complex" has shown that many of its genera are not phylogenetically well separated (32) . Some strains of S. cerevisiae, S. pastorianus and S. bayanus showed evidence of being hybrids. Multigene analyses of the Kazachstania telluris species complex resolved five separate species (33) . It was shown that K. heterogenica appeared to be a natural hybrid that shares RNA polymerase II gene with K. pintolopesii.
Microarray technology
The oligonucleotide microarray method is based on the reversed solid hybridization of oligonucleotides (11) . The major advantages of gene chip technology are its miniature size, high performance and the ability to automate the process and evaluate the expression of hundreds of thousands of genes at a time. The efficacy of gene chip technology depends heavily on the designed oligonucleotide probes. Although the microarray technology has been mainly used for gene expression profiling, its potential power as a taxonomic tool for the identification and characterization of microorganisms was studied in several laboratories (17, 25, 36) .
A multispecies-based taxonomic microarray which targets diverged orthologous genes in Saccharomyces cerevisiae allowed identification of isolates of these species and their interspecies hybrids. Moreover, this microarray design allowed also the detection of multiple introgressed S. paradoxus DNA fragments in the genomes of three different S. cerevisiae isolates (17) .
Recently variable ITS regions were used to design microarray probes for the identification of pathogenic fungi by different research groups. One group developed diagnostic microarray using oligonucleotide probes against either the ITS1 or the ITS2 region, or both, or the 5.8S or 18S rRNA gene. However, only 12 pathogenic species belonging to 2 genera can be identified by that method, and only 21 samples of clinical isolates were used to examine its specificity and applicability (36) .
Another group developed microarray chip using oligonucleotide probes against ITS2 region. They have demonstrated that a series of species-specific hybridization profiles can be obtained by an oligonucleotide microarray method. The 122 strains belonging to 20 common pathogenic species, representing 8 genera were simultaneously identified on a single microarray chip (25) .
These preliminary studies have demonstrated the utility of microarray chips for the identification of yeasts and could lead to production of commercial microarray systems in the future.
